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Ten states of doubly excited He have been observed in a high-resolution electron-emis-
sion spectrum from 30-MeV O°* +He collisions. Five lines can be identified as the
(2p np)‘D+ series. The excitation mechanism is discussed and compared with results of
an identical measurement using 4-MeV proton excitation,

During the past ten years there has been a
great deal of research devoted to the study of
doubly excited states in He—both electrons ex-
cited to bound states in neutral He. The excita-
tion energies lie above the first ionization energy
of He, and thus the states decay primarily by
autoionization to the ground state of He* with the
emission of a monoenergetic electron character-
istic of the excited state. Intensive theoretical
work on these states has occurred because of the
opportunity to study the strong influence of elec-
tron-electron correlation in a simple system,' an
effect which prohibits the classification of auto-
ionization states by a single configuration,? Fur-
ther interest has arisen as a result of the rele-
vance of these states to other areas of physics:
resonant electron scattering, photoabsorption,
impurity resonances in solids, ion-atom scatter-
ing, and recombination in astrophysical and lab-
oratory plasmas (see reviews by Burke,® Smith,*
and Massey, Burhop, and Gilbody®).

The first insight into the nature of these states
came from their systematic experimental obser-
vation in electron-energy-loss® and photoabsorp-

tion spectra.” The extensive work of Madden and
Codling” established several Rydberg series?
converging on the n=2, 3, and 4 levels of He*.
Although photoabsorption work is limited to 'p ex-
citation, other series ('S and °P) converging on
n=2 were soon observed by Rudd® in the electron-
emission spectrum of 75-keV H,*+He collisions.
Members of these series were subsequently ob-
served by several groups in electron excitation,®
Excitation of autoionization states in keV He* + He
collisions has also been recently studied by Ger-
ber, Morgenstern, and Niehaus.'® Radiative
transitions from doubly excited states are ob-
served in beam-foil excitation,'

The first member of the 'D series is well es-
tablished experimentally, but excitation methods
used previously are not efficient in exciting the
remainder of the series. Theoretical predictions
of the D energies have been given by Cooper
et al.'? In this Letter we report a high-resolu-
tion autoionization spectrum of He produced by
30-MeV O°* ions as an example of a new means
of studying these states. In particular, we pre-
sent the energies of the (2p np)'D+series (n=2

1067



VOLUME 34, NUMBER 17

PHYSICAL REVIEW LETTERS

28 APRIL 1975

to 6), which is strongly excited in this collision,
and we discuss the unique features of this means
of excitation.

The electron spectra presented here were mea-
sured with an apparatus described earlier,'®> The
incident O°* beam of 0.8 uA and 3 mm diameter
crossed a diffuse atomic beam of He at a distance
of 4 mm from a 0.3-mm-diam gas nozzle, Tar-
get pressures were roughly estimated to be a few
millitorr; the ambient pressure several centi-
meters from the jet was 2x10°* Torr. The spec-
trometer entrance slits were located 1 cm from
the scattering center with an acceptance angle of
0.93° (effective solid angle of 2.6 msr viewing a
3-mm path length). The pressure inside the
spectrometer chamber was <1x10°¢ Torr, Elec-
trons emitted at 90° to the beam direction were
energy analyzed with a double-focusing spherical
analyzer (McPherson ESCA-36, power supplies:
Fluke 3330B Calibrator) and detected with a chan-
nel electron multiplier. The electron-energy
regions of interest were scanned in 4.57-meV
steps at a rate of typically one step per 1,2 pC of
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FIG. 1. Electron-emission spectra at 90° from pro-
ton and oxygen-ion collisions with He. Autoionization
lines in the oxygen-excited spectrum are identified in
Table I,
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integrated beam current. Repeated scans were
stored and added to improve the statistics. The
resolving power of the measurements was limited
to 1.6x10 73 (~60 meV) by collision-related ef-
fects—estimated to be dominated by recoil kine-
matic broadening. Since the observed electron
energies depended upon the target gas pressure
(see also Refs. 8-10), the spectra were each ac-
cumulated at a constant pressure found to be sta-
ble to within a few percent by measuring the num-
ber of electrons per microcouloumb of beam cur-
rent without incrementing the analyzer voltages.
Electron spectra are shown in Fig, 1; the O°*-
excited spectrum is compared to an identical
measurement using 4-MeV proton excitation,
The spectra shown required ~7 h of data aquisi-
tion each, The excitation energies indicated are
the observed electron energies plus the ioniza-
tion potential of He (24,587 eV). An expanded
picture of the region near the series limit is giv-
en in Fig, 2, The data are summarized in Table
I; energies listed are the peak centroid positions
normalized to the theoretical value of Bhatial*
for the (2s2p)'P transition (60.149 eV)., The un-
certainties indicated are derived from Gaussian
fits to the peak shapes and do not include possible
systematic errors. The 'D identifications are
based upon the calculations of Cooper et al.'?
Although the last three lines of the 'D series are
nearly degenerate with members of the 'P series,
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FIG. 2. Electron-emission spectrum at 90° from 30-
MeV O%* collisions with He in the region near the ser-
ies limit of 65.4 eV.
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TABLE I. Autoionization states in helium produced
by 30-MeV oxygen ions.

Experimental
Relative energies
intensity (eV) pa ipb Ige
97(14) 57.850(16) 57.842
1000(20) 59.948(03) 60.025
470(17) 60,149(...) 60.149
110(9) 62.,130(04) 62.134
233(12) 63.575(04) 63.575
78(10) 63.690(06) 63.677
17(8) 64.157(28) 64.182
122(10) 64.,472(05) 64.429
49(8) 64.851(09) 64,797
33(8) 65.049(14) 64.990

dCooper et al ., Ref. 12,
PBhatia, Ref. 14.
®Burke and Taylor, Ref. 15.

it is assumed that the relative D to 'P intensities
are the same as observed for the first two tran-
sitions and therefore the peak positions are dom-
inated by the 'D contributions.

The interference phenomenon apparent in the
proton-excited spectrum has been studied in de-
tail recently by several groups for electron,
photon, and lower-energy proton excitation,'®

Further measurements were also made with
incident oxygen beams of 30-MeV O®* and 15-
MeV O**., These spectra appear nearly identical
to the 30-MeV O°* spectrum with the only excep-
tion that the peak-to-continuum electron-count
ratio is slightly improved in the O®** spectrum
and somewhat worse in the O** spectrum. This
may be accounted for by electron loss from the
projectile,!”

There are three distinct features of the He
autoionization spectrum produced by oxygen ions
which reflect upon the excitation mechanism,

(1) Only singlet states are produced (see Table I);
(2) of these the 'D series is by far the most prom-
inent; and (3) in contrast to proton excitation, no
interference with the continuum is observed,

The first point is consistent with the O®* data
which demonstrate that the excitation mechanism
does not involve a one-step electron exchange

and, moreover, is not influenced by the projec-
tile electrons in any manner,

The second point, strong D-state excitation,
suggests—in contrast to excitation by fast pro-
tons (analogous to single-photon absorption)—that
the strong interaction between the He atom and

the oxygen nucleus may proceed by a two-step
process. The Coulomb-excitation selection rules
would then apply to each electron transition sep-
arately, favoring a double E1 excitation to np
levels. At comparable collision velocities, the
two-step process would be enhanced by Z* (~4000)
in the oxygen-ion collisions, We should add, how-
ever, that at low proton energies (<100 keV) the
!p excitation has been observed to be comparable
to the 'P.'® In the oxygen collisions, the relative
intensity ratio (2p')'D/(2p?)'S is 4.2+0.4 after
correction for the transition energy factor (65.4

— E)*, This value is near 5=2J+1, as would be
expected for independent electron excitation,

The third point, lack of continuum interference,
could be accounted for if the nonresonant con-
tinuum states were dominated by the double ion-
ization of He. The autoionization states would
then not overlap with the continuum states which
give rise to the observed continuous electron dis-
tribution and interference would not be observed.
This interpretation is suggested by related col-
lision studies using high-energy heavy ions where
multiple ionization is consistently found to be
much more probable than single ionization,'®
Again in contrast, multiple ionization by ener-
getic protons is very rare and interference can
be expected in these collisions. This interpreta-
tion requires further verification, e.g., interfer-
ence phenomena are strongly dependent upon
emission angle; but independent of the origin of
the effect, the lack of interference considerably
simplifies the extraction of the resonance ener-
gies especially near the series limit,

In summary, the autoionization states of He
have instigated a large body of fruitful theoreti-
cal research'®; the present work shows that still
further aspects of the excitation and decay of
these states are experimentally accessible through
the relatively new technique of atomic collisions
with very energetic heavy ions.
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Sub-Doppler Spectroscopy of Xenon Laser Lines with a Saturated-Amplification Method.
Resolution up tothe Natural Width
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A saturated-amplification method has been applied to the spectroscopic study of several
infrared laser lines of xenon. The experiment is characterized by the use of two lasers.
Linewidth at very low pressure, isotope shift, and hyperfine structure have been mea-

sured.

We report here ultrahigh-resolution measure-
ments of atomic structures by means of a two-
laser saturated-amplification method. Saturated-
absorption techniques were first extensively used
in molecular spectroscopy for which homoge-
neous widths are very weak!'?; in atomic spec-
troscopy, although lifetimes of excited levels
are generally short and induce larger homoge-
neous widths, the gain in effective resolution re-
mains important and a few experiments have been
performed.!3*
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We have studied several laser lines of xenon
in the near infrared. For these lines, we have
observed saturated absorption at high pressures
but also saturated amplification at low pres-
sures; both situations are fundamentally equiv-
alent in their principle. In order to obtain the
best possible resolution, we have systematically
performed the experiments at pressures as low
as possible, i.e., in saturated amplification;
then the homogeneous width is nearly equal to
the natural one and is very weak compared to



